Introduction
For a long time, diffusion-weighted imaging (DWI) was most commonly used for detecting acute stroke. However, its extracranial applications have been increasing with time. Currently, DWI is being used for evaluation of brain tumors, head and neck lesions, and several cancers of the body. With technical advances in obtaining magnetic resonance imaging (MRI) sequences, limitations regarding the performance of extracranial DWI have recently been overcome, increasing its use in various extracranial indications. Many indications in head and neck imaging include, but are not limited to, tissue characterization for primary tumors and nodal metastases, differentiation of suppurative from necrotic metastatic lymphadenopathy, prediction and monitoring of treatment response, and differentiation of recurrent tumor from post-therapeutic changes. Due to the very short acquisition times, DWI can be easily incorporated into routine head and neck MRI protocols. The aim of this review is to provide insight on technical considerations, clinical applications, and pitfalls of DWI in imaging of head neck lesions (Table 1 ).
Technical considerations
Although many magnetic resonance (MR) sequences can be applied for head and neck imaging, T1-weighted (T1W) and fluid-sensitive sequences -either short-tau inversion recovery (STIR) or fat-suppressed T2-weighted (FS T2W) in two or three planes are most commonly used. Intravenous gadolinium is also commonly administered. However, these sequences only provide morphological details without any information on biological behavior. DWI is a noninvasive method used to measure the Brownian motion of water molecules in the adjacent microscopic environment. By applying diffusion-sensitizing gradients to T2W images, DW images are created. The b value is used to determine the parameters of sensitizing gradients, with a b value of 0; the image is similar to T2W. With increasing b values, images become more sensitive to the detection of restricted diffusion. Signal loss resulting from the dephasing due to the movement of the water molecules between the two opposing gradients is proportional to the degree of movement of water molecules and the b value. The sequences are repeated with different b values and apparent diffusion coefficient (ADC) maps are obtained, which quantify the observed signal loss. A higher number of image sets with different b values results into more accurate ADC calculation. The downside is a longer time to complete the sequence, which does not serve well for routine clinical scans.
An area of restricted diffusion appears as a bright signal on DWI and a dark signal on the ADC map. 1 Relatively more restricted movement of intracellular water as compared to extracellular water results in an increased signal on DWI in lesions with high cellularity. This is true in highly cellular tumors such as high-grade malignancies and small cell tumors such as lymphoma and neuroblastoma. Increased restricted diffusion in high-grade malignancies is also related to high nucleocytoplasmic ratio in rapidly proliferating tumors, as there is higher restriction of water molecules in the nucleus in comparison to cytoplasm. The central necrotic portion of abscesses is related to restricted water motion due to high-viscosity pus related to the presence of inflammatory cells, bacteria, proteins, and cellular debris resulting in diffusion restriction in the central portion. 2, 3 Due to heterogeneity of head and neck tissues, strongly changing geometric shape, and presence of thick bony structures, images can have a very low signal-to-noise ratio and strong susceptibility artifacts from the many air-tissue boundaries, as well as from metallic surgical implants and dental fillings ( Figure 1 ). Moreover, significant motion artifacts can occur due to jaw movements, swallowing, speaking, coughing, and breathing. Antisusceptibility pads can be useful to reduce image distortion caused by susceptibility artifacts with higher b values. Other ways are to use high transmitter bandwidth, parallel and echo planar imaging. A few other technical considerations to improve image quality on DWI include obtaining DWI before an intravenous (IV) contrast administration to avoid perfusion effects and choosing a range of b values, from 0-1000, to generate a good curve for ADC calculation.
Clinical applications of DWI in the head and neck

Benign versus malignant
Malignant tumors are more likely to have high cellularity, less intercellular space, increased nucleus to cytoplasmic ratio, and higher numbers of intracellular organelles and macromolecules in comparison to benign lesions. These biological properties of malignant lesions explain why they would more often show pronounced diffusion restriction in comparison to benign lesions. Of course, exceptions to this rule exist in terms of both false negative and false positive disease processes ( Table 2 ). Examples of false positive include a completely benign process like an abscess, which may show diffusion restriction in the central portion ( Figure 2 ). Benign masses such as Warthin's tumor will show restricted diffusion due to high cellularity.
False negative examples include well-differentiated malignant tumors, which are related to lower rates of cellular proliferation when compared with poorly differentiated high-grade tumors.
Low grade versus high grade malignancies
Well-differentiated tumors are characterized by less mitotic activity resulting into low nucleus cytoplasmic ratio, relatively low cellularity and bigger size of cells as compared to poorly differentiated high grade malignancies. Therefore, although malignancies would have more restricted diffusion in comparison to benign lesions, there is a difference in the extent of diffusion restriction within different malignancies ( Figure 3 ). The degree of restricted diffusion would be higher for highgrade poorly differentiated tumors than low-grade welldifferentiated malignant lesions. 4 
Benign versus malignant lymph nodes
Lymph node enlargement can be quite non-specific and is seen in both benign and malignant processes. Benign varieties can be roughly subdivided into benign reactive versus infective. Malignant lymphadenopathy may be The Neuroradiology Journal 30 (4) due to different malignancies. Pathologically, more inflammatory cells and follicular hyperplasia characterize benign reactive lymph nodes; however, the architecture is maintained including intact fatty hilum. Infective lymph nodes often have a liquefied center harboring the pus. Malignant lymph nodes are characterized by disorganized architecture, usually nodal enlargement and occasional necrosis. On imaging, the most common appearance of benign lymphadenopathy is enlarged lymph nodes with intact fatty hilum, smooth outline, and normal appearance of surrounding fat. Infective lymph nodes can be of normal size or more often enlarged with heterogeneity and/or central abscess formation. Surrounding fat planes are likely to be infiltrated. Malignant lymphadenopathy can be deceptive on imaging. It can look completely normal, enlarged and heterogeneous with irregular margins and surrounding fat infiltration, or with a non-enhancing liquefied center. Conventional MRI only detects the gross morphological variables such as size, margins, and to a limited extent, the internal architecture. Lymph nodes with low SI on T1W and heterogeneous and/or high SI on T2W have been shown to be suspicious for metastasis. Size criterion alone is not accurate. 5 DWI plays an important role here by being sensitive to pathological abnormalities not detected by conventional imaging. Benign reactive nodes will not show restricted diffusion (Figure 4 ), while malignant lymph nodes will show variable degree of diffusion restriction ( Figure 5 ). On conventional MRI alone, it can also be very difficult to differentiate malignant lymphadenopathy with central necrosis and infective lymphadenopathy with abscess formation. Infective lymph nodes with central abscess would show restricted diffusion centrally due to presence of inflammatory cells, bacteria, proteins, and cellular debris. A necrotic malignant lymph node would demonstrate a peripheral rim of restricted diffusion due to high cellularity around a necrotic area without restricted diffusion ( Figure 6 ).
Orbits
The possible etiologies for orbital masses are quite varied, including inflammatory, infectious, vascular, benign lesions, and malignancies. Among the inflammatory group, inflammatory pseudotumor is worth mentioning due to its significant overall proportion among all orbital lesions as well as close clinical and pathological presentation to lymphomas. Orbital cellulitis can also present clinically similar to inflammatory pseudotumor. Computed tomography (CT) and conventional MRI are relatively nonspecific in the majority of the cases. Only some of the lesions are classical, such as optic sheath meningioma, dermoid, epidermoid, and cavernous hemangiomas. Otherwise, it is difficult to distinguish between inflammatory and malignant causes.
DWI has shown a promising role in differentiating between inflammatory pseudotumor ( Figure 7 ) and lymphoma (Figures 8 and 9 ). A retrospective study by Kapur at al. 6 analyzed differences among orbital 
360
The Neuroradiology Journal 30 (4) lymphoid lesions, inflammatory pseudotumors, and orbital cellulitis on the basis of DWI lesion-thalamic intensity ratio, absolute ADC and ADC lesion-thalamic ratio ( Figure 10 ). A statistically significant low ADC was demonstrated in lymphoid lesion when compared with pseudotumor and cellulitis. 6 Sepahdari et al. 7 conducted a retrospective study to assess the role of DWI/ADC in orbital lesions encompassing a wide variety of malignant and benign lesions.
They found a significant difference between malignant versus benign lesions, and lymphoma versus pseudotumor, by using lesion ADC values and ADC ratios calculated by dividing lesion ADC with ipsilateral normal appearing white matter. DWI was specifically shown to characterize T2 hypointense infiltrative lesions with greatest accuracy. 7 A retrospective study of malignant intraocular lesions primarily comprising of retinoblastoma ( Figure 11 ) and uveal melanomas again demonstrated restricted diffusion in these malignant intraocular lesions. 8 Visual assessment alone using DWI can be confounding and adding qualitative analysis using the ADC values has been shown to result in improved differentiation. 9 However, the artifacts related to DWI tend to be worse in the region of the orbital apex due to too many soft tissue-bone interfaces. In addition, the patient's non-compliance with eyeball movement can limit the quality of the DWI sequence. Epidermoid, a benign lesion is known to have restricted diffusion. However, imaging appearances on conventional MRI including high precontrast T1W signal and lack of contrast enhancement are helpful in accurately making the diagnosis (Figure 12 ).
Salivary glands
Salivary glands neoplasms constitute less than 3% of all tumors. 10 Of head and neck malignancies, 1% are estimated to arise from salivary glands. From 70-80% of parotid gland tumors, 40-58% of submandibular gland tumors, 15-30% of sublingual gland tumors, and 20-51% of minor salivary gland tumors are benign. 11 Facial nerve involvement, nodal metastasis, and distant metastasis are associated with poor prognosis. Pleomorphic adenoma and Warthin's tumor are the most common benign salivary gland tumors. Warthin's tumor is overall the most common tumor, presenting as bilateral or multiple salivary gland 
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The Neuroradiology Journal 30 (4) tumors. Among the malignant salivary gland tumors, mucoepidermoid carcinoma is most common type followed by adenoid cystic carcinoma and other less common entities. 12 If imaging findings are suspicious for malignancy, it may help the surgeon to plan for a more radical surgical approach including regional nodal dissection as well as facial nerve sacrifice. Similar to head and neck malignancy elsewhere, malignant tumors are more likely to show low ADC values when compared with benign masses (Figure 13) . A notable exception is Warthin's tumor. Despite being benign, Warthin's tumor usually demonstrates restricted diffusion on DWI due to its high cellularity and lymphocytic infiltration. 13 Kikuchi et al. 14 suggested that a more reliable differentiation is possible of parotid gland tumors using mean ADC by categorizing lesion as pleomorphic adenoma versus non-pleomorphic adenoma (Figure 14) . However, it cannot be used to differentiate between benign and malignant lesions due to Warthin's tumor being an outlier despite its benign nature. 14 
Lymphoma versus SCC
Squamous cell carcinomas (SCCs) are the most common head neck malignancies followed by lymphomas. Conventional imaging features might show overlap. As the management is radically different for these two different groups of malignancies, it is paramount to clearly distinguish them from each other. Pathological evaluation will remain a prerequisite before starting therapy. Yet, imaging supplemented with DWI may be a powerful tool to provide a fair estimation to the physicians as to which one of malignancies they might be dealing with.
Because lymphomas in general have more cellularity than SCC, they would show greater diffusion restriction and less ADC because of relatively paucity of cytoplasm 
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The Neuroradiology Journal 30 (4) and extracellular space (Figures 15 and 16 ). For the same reason, there might be overlap between the ADC values of poorly differentiated SCC and lymphoma, as the former would demonstrate unusually higher cellularity. In a prospective study comparing ADC between head and neck SCC and malignant lymphomas using line scan DWI, a significant difference was found between ADC of lymphoma and SCC. Lymphoma demonstrated lower ADC than SCC. An accuracy of 98% was reported in differentiating lymphoma versus using an ADC cut-off of 0.76 Â 10 -3 mm 2 /s. 15 One study on DWI on head and neck malignancies divided the lesions into four categories comprising of malignant lymphomas, carcinomas (both SCC and adenocarcinomas), benign solid lesions, and benign cystic lesions. They found significant differences in the ADC among all four groups. On using a ADC cut off of 0.76 Â 10 À3 mm 2 /s, they reported 82% accuracy, 92% sensitivity, and 67% specificity between lymphomas and carcinomas. The majority of the carcinomas that were an exception to this cut-off were either moderately differentiated or poorly differentiated on pathological analysis. 16 Necrotic versus viable part of the tumor Malignant tumors are not always homogeneous. Within the same tumor, a spectrum of cellular composition areas of high cellularity to areas of necrosis may exist. Also, necrotic changes appear frequently following the chemo-radiation. The necrotic areas might be too small to be detected under routine MR sequences. DWI is sensitive to differentiate between the necrotic versus non-necrotic areas of tumor ( Figure 17 ). This can help in guiding by avoiding sampling errors in case a biopsy is being contemplated which would have a profound effect on treatment planning. In cases of post-therapy follow-up, documenting tumor viability and extent of necrosis may be helpful in measuring response to therapy. 
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The Neuroradiology Journal 30 (4) In a study by Razek et al., 17 a statistically significant difference in ADC value was found between viable and necrotic parts of the tumor with sensitivity of 92.9%, specificity of 93%, and accuracy of 94.6%. 17 
Skull lesions
DWI can be helpful in differentiating malignant from benign lesions and it also increases the conspicuity of skull lesions. 18 Due to the high cellularity, malignant skull lesions generally display a higher degree of restricted diffusion as compared to benign lesions (Figures 18 and 19 ). Although clinical parameters and conventional imaging modalities are a mainstay in the evaluation of skull lesions, DWI can be used for problem solving when conventional imaging features are indeterminate. This can also be helpful in differentiation of residual/recurrent cholesteatoma from the normal postoperative granulation tissue. The presence of restricted diffusion in cholesteatoma in combination with an absence of delayed enhancement helps in differentiating it from the granulation tissue ( Figure 20) . However, there are technical limitations due to susceptibility artifacts related to the bones (Figure 1 ), which can be reduced by the use of higher bandwidth, parallel imaging, multishot acquisition and turbo spin-echo DWI techniques.
DWI in pediatric head and neck masses
Most common orbital malignancies in the pediatric age group are retinoblastoma, rhabomyosarcoma, and optic nerve glioma. Rhabomyosarcoma is the most common pediatric soft tissue malignant tumor with orbits and sinuses being the second most common location. It can often have a clinical and conventional radiological presentation similar to inflammatory cellulitis and hemangiomas. The need for a correct diagnosis in this case is of paramount importance. Hassold et al. 19 reported a case of case of rhabdomyosarcoma recurrences in the extraocular muscles in a pediatric patient of status post-radiotherapy. 19 They argued that the standard MRI and PET-CT findings were nonspecific. It was restricted diffusion, which narrowed the suspicion towards recurrence of malignancy ( Figure 21 ). A significant difference in ADC values was shown between benign and malignant orbital malignancies by using 3T MR scanner. 4
Prediction of response to radiation and chemotherapy
Radiation and chemotherapy are the most important available options in head and neck malignancies. If tumors are surgically resectable, still chemo-radiotherapy (CRT) is required to control future recurrences. In advanced disease when the patient presents at a later stage, tumors might have become inoperable and chemo-radiotherapy is the only available option. For lymphomas, chemo-radiation is the only available option. Studies have shown that the response of the head and neck malignancies to therapies can be predicted. Tumors having higher pre-therapy restricted diffusion/ lower ADCs respond better than those showing a lack of diffusion restriction/higher ADCs. This makes sense as the non-surgical cancer treatment is based on selective killing of cells with higher proliferation rates. Cancers with higher proliferations have more restricted diffusion, as there is less space for water molecules to diffuse.
CRT has a variable outcome in the case of head and neck SCCs. Some of them show a good response to routine CRT at its completion. The rest of them demonstrate early treatment failure. It can be safely assumed that if we can predict tumors that would end up showing failure to routine CRT, a more aggressive CRT or even surgical options can be considered for those tumors earlier during the therapy. DWI is shown to have potential in this arena. Studies have shown that intra-treatment DWI done as early as two weeks after the initial CRT can help in predicting in tumor response at the primary treatment site. 20 Figure 20 . Cholesteatoma. Coronal (a) and axial (b) CT bone window images show a soft tissue mass in the middle ear cavityepitympanum (yellow ovals). The mass is T2 hyperintense (red circle) and isohypointense on T1W image, (d) with no enhancement on post gadolinium images ((e) and (f)). The mass shows diffusion restriction (yellow box in (h) and red arrow in (j)) -confirming it to be a cholesteatoma. DWI can help it in differentiating from granulation tissue which do not restrict diffusion. Images (i) and (j) show the enlarged views of the same mass. CT: computed tomography; T1W: T1-weighted; DWI: diffusion-weighted imaging. Figure 21 . RMS. Axial post gadolinium T1W image (a) shows an intensely enhancing mass in the nasopharynx (yellow circle) in a fouryear-old girl -which was a rhabdomyosarcoma. DWI (b) shows the mass to be hyperintense (red circle) with diffusion restriction (green circle) on the ADC maps (c). RMS: rhabdomyosarcoma; T1W: T1-weighted; DWI: diffusion-weighted imaging; ADC: apparent diffusion coefficient.
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Primary tumors showing less percentage increase in ADC two weeks after the commencement of CRT in comparison to the pretreatment ADC were more likely to show local treatment failure. 20, 21 Conclusion DWI, when used in combination with conventional MRI techniques in head and neck imaging, provides clinically important information. DWI can be used to differentiate benign from malignant lesions, abscess from necrotic tumors, infective from metastatic lymph nodes, selecting the best biopsy site, and in detecting tumor viability in post-treatment follow-up after radiation therapy. However, DWI should always be correlated with conventional MRI imaging findings, with good collaboration between radiologists, physicists, and clinicians being very important for optimal management.
